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1. Introduction
The forests of the Midwest region of the United States are both
an important source of fiber for wood and paper products and
a carbon sink for atmospheric carbon dioxide (Goodale et al.,
2002; Crevoisier et al., 2010; Ryan et al., 2010). Minnesota,
Wisconsin, and Michigan, contain the majority of the forests
in the Midwest, with forests covering approximately 50% of
each of these states (Smith et al., 2004). The Midwest forests
produce more than 20 Mm3 of pulpwood annually, or 14% of
pulp for the paper industry in the U.S. (USDA, 2001), and they
produce >250 Mm3 of wood, or >50% of the supply for the
nation’s composite wood products. These same forests also
provide numerous other ecosystem services in addition to
wood production, such as carbon sequestration, habitat for
game and non-game species, and soil and water protection.
The forests of the Midwest region (see Section 2 for
description) cover more than 20 million hectares, include
both public and private ownership, exist in tracts from small
e n v i r o n m e n t a l s c i e n c e & p o l i c y 2 5 ( 2 0 1 3 ) 2 2 – 3 5
a r t i c l e i n f o
Article history:
Received 7 February 2012
Received in revised form
5 September 2012
Accepted 5 September 2012
Published on line 6 November 2012
Keywords:
Net ecosystem production
Forest carbon management
Ecosystem modeling
Biome-BGC
Biomass harvesting
Great Lakes forests
Sustainable forest management
Bioenergy
Harvest
a b s t r a c t
The objective of this study was to use an ecosystem process model, Biome-BGC, to explore
the effects of different harvest scenarios on major components of the carbon budget of
205,000 km2 of temperate forest in the Upper Midwest region of the U.S. We simulated seven
harvest scenarios varying the (i) amount of harvest residue retained, (ii) total harvest area,
and (iii) harvest type (clear-cut and selective) to assess the potential impacts on net biome
production (NBP), net primary production (NPP), and total vegetation carbon. NBP was
positive (C sink) in year 1 (2004) and generally decreased over the 50-year simulation period.
More intensive management scenarios, those with a high percentage of clear-cut or a
doubling of harvest area, decreased average NBP by a maximum of 58% and vegetation C
by a maximum of 29% compared to the current harvest regime (base scenario), while less
intensive harvest scenarios (low clear-cut or low area harvested) increased NBP. Yearly
mean NPP changed less than 3% under the different scenarios. Vegetation carbon increased
in all scenarios by at least 12%, except the two most intensive harvest scenarios, where
vegetation carbon decreased by more than 8%. Varying the amount of harvest residue
retention had a more profound effect on NBP than on vegetation C. Removing additional
residue resulted in greater NBP over the 50-year period compared to the base simulation.
Results from the seven model simulations suggest that managing for carbon storage and
carbon sequestration are not mutually exclusive in Midwest forests.
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farm woodlots to the expansive wilderness of northern
Minnesota, and have been utilized by humans in most areas
since the 1800s. The forests’ tree species composition is
diverse ranging from central hardwoods in the south, to cold-
temperate northern hardwoods and conifer forests, including
transitional boreal forests in the far north. In summary, the
past and current use(s) of Midwest forests are diverse and
sometimes competing.
These same forests are also a potential source for feedstock
for bioenergy as the U.S. attempts to develop sustainable
bioenergy systems that will reduce national dependence on
foreign fossil fuel (Perlack et al., 2005). In anticipation of
greater demand for woody biomass, forest managers and
policy makers are developing harvest guidelines to ensure
sustainable forest management practices. Options to increase
woody biomass harvest include increased removal of residue
(i.e. cull trees, tops of trees etc.) normally left in the forests,
increased harvest frequency, and increased harvested area.
However, there are extremely few long-term field studies that
can be used to guide management and policy decisions. It is
unclear how greater biomass utilization of the forest resource
will affect the long-term soil carbon storage, nutrient
availability, and productivity (i.e. carbon sequestration) of
future forests. It is imperative to quantify the effects of harvest
regimes on carbon pools with fast to moderate residence times
(e.g. vegetation) and especially carbon pools with slow
residence times (e.g. mineral soil). Recent studies have shown
that forest disturbance is an important driver of ecosystem C
balance (Euskirchen et al., 2002; Thornton et al., 2002; Law
et al., 2004; Bond-Lamberty et al., 2007b; Amiro et al., 2010;
Peckham et al., 2012).
Ecosystem process models allow scientists to simulate
effects of different management practices on forest sustain-
ability, growth, and carbon dynamics at scales ranging from
stand to region. Unlike empirical growth and yield models,
process-based ecosystem models simulate water, nitrogen,
and carbon cycles, and their interactions, and they account for
soil and detritus carbon dynamics (Peckham and Gower, 2011).
Modeling the C balance of a heterogeneous forestscape, such
as the Upper Midwest, is challenging because the spatially and
temporally explicit disturbance history is not well documen-
ted. Hence, most modeling studies covering this region do not
account for disturbance history in C balance or net ecosystem
production (NEP) (e.g. Lu and Zhuang, 2010; Wang et al., 2011).
However, previous modeling studies have shown that man-
agement regime is the most important determinant of forest C
balance (Euskirchen et al., 2002), for individual forest stands
(Peckham and Gower, 2011), and at the regional level (Peckham
et al., 2012). Landscape-level effects of management choices
on the future forest C balance over the Midwest are poorly
understood.
The objective of this study was to use the ecosystem
process model Biome-BGC to simulate the carbon balance of
the Midwest deciduous and coniferous forests subjected to
different harvest scenarios. We used historic (1800s to early
1900s) to near present-day (2004) harvest and management
records to simulate initial harvests and estimate forest
vegetation carbon (vegC), net primary production (NPP), net
biome production (NBP, defined as NEP integrated over space
and time (Chapin et al., 2006), and to examine historic patterns
and spin the model up to present-day conditions. Then, we
simulated 50-year future management scenarios that varied
the total harvest area, the clear-cut and selective harvest
proportions (0.0–1.0), and three harvest residue retention rates
(15, 25, and 35%). Due to the large number of simulations and
the temporal and spatial scale, we could not do a complete
factorial set of simulations. Instead we selected seven
simulations that span the range of conditions and hypothe-
sized responses. Also, the seven scenarios were selected to
provide a range of scenarios to elucidate the trade-offs
between two competing forest carbon management objec-
tives: carbon storage (i.e. total vegC) versus carbon sequestra-
tion (i.e. NBP). To assess potential management effects on
forest ecosystem C dynamics, the model output of stand age
structure, vegC, NPP and NBP were compared to a base
scenario that continued the current harvest regime. We
hypothesized that increased biomass removal would increase
NBP but decrease C storage in vegetation and that increased
removal of harvest residues would decrease NPP. It is
important to note that we only consider the fluxes of C in
the forest ecosystem explicitly simulated by Biome-BGC.
Carbon emission and storage resulting from the use of
harvested biomass has important consequences on total
carbon sequestration and is the subject of a companion study
(Peckham and Gower, accepted).
2. Methods
2.1. Study area
The simulations were run for the forested areas within the
boundary of the Mid-continent intensive (MCI) study area of
the North American Carbon Program (http://www.nacarbon.
org/nacp/mci.html). This area includes the states of Minne-
sota, Wisconsin, Iowa, Illinois, and portions of North Dakota,
South Dakota, Nebraska, Kansas, Missouri, Indiana, and
Michigan (Fig. 1). The MCI region encompasses 125 Mha of
forest, agriculture, and urban landscapes, of which forests
comprise 18% of the region. The dominant forest types are
deciduous broad-leaf (hardwoods) and evergreen needle-leaf
forests (conifers) in both uplands and lowlands. The largest
forest regions occur in the northern Michigan, Wisconsin, and
Minnesota, while smaller regions but exist in northern
Missouri and southern Illinois. The topography is generally
low relief (Potter et al., 2007), with some rolling hills and deep
river valleys. Climate ranges from long, cold winters and a
short growing season (<120 days) in the northern region to
mild winters and long (>180 days) growing season in the
southern region. Based on the climate data used to drive the
model (1955–2004), air temperatures averaged 2.9 and 28.3 8C
in January and July, respectively. Precipitation is primarily rain
from May to October and averages 803 mm/yr. Fig. 1 sum-
marizes annual air temperature and precipitation for the
region.
2.2. Biome-BGC
We used Biome-BGC, an ecosystem process model that
simulates carbon (C), nitrogen (N), and water cycles, and their
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interactions, but we only summarized the C budgets. Biome-
BGC requires daily minimum and maximum air temperature,
total solar irradiance, average vapor pressure deficit (VPD), and
total precipitation. Physiological processes are calculated for
both sunlit and shaded portions of the plant canopy.
Photosynthesis per unit leaf area is simulated using the
Farquhar biochemical model (Farquhar et al., 1980) and
stomatal conductance is calculated as a function of radiation,
VPD, leaf water potential, and minimum nighttime tempera-
ture (Running and Coughlan, 1988). Both plants and microbes
compete for a single pool of available mineral soil N. Complete
model logic and processes have been described in detail
previously (Running and Coughlan, 1988; Running and Gower,
1991; Kimball et al., 1997; White et al., 2000; Thornton et al.,
2002). The version used in this study simulates large regions
(Bond-Lamberty et al., 2007b; Bond-Lamberty et al., 2009;
Peckham et al., 2012), disturbance (Bond-Lamberty et al.,
2007b; Bond-Lamberty et al., 2009; Peckham and Gower, 2011;
Peckham et al., 2012), and includes improvements for flooded
soils (Bond-Lamberty et al., 2007a). Disturbance (forest harvest
in this study) was simulated in Biome-BGC using the same
modifications to C and N pools as described in detail
previously (Thornton et al., 2002; Peckham and Gower, 2011).
We have evaluated Biome-BGC output to field measure-
ments and reported reasonable agreement. We observed good
agreement between measured and simulated NPP for two
forest types in northern WI (Peckham and Gower, 2011),
measured and modeled NPP for well- and poorly drained
wildfire chronosequences (Bond-Lamberty et al., 2007a), and
measured and modeled soil C accumulation, NPP and NEP for
Fig. 1 – Coverage of VCTw data in the study area and regions (1–4) used to calculate disturbance statistics (top) for the 50-year
management scenarios and summary maps of mean annual temperature and precipitation (bottom) computed from the
NCEP climate data.
Source: Stueve et al. (2011).
e n v i r o n m e n t a l s c i e n c e & p o l i c y 2 5 ( 2 0 1 3 ) 2 2 – 3 524
northern hardwood chronosequence (Peckham and Gower,
2011; Peckham et al., 2012).
The near present-day (2004) conditions in Biome-BGC were
estimated using a two-step initialization procedure. First, a
spin-up or model self-initialization (Thornton and Rosen-
bloom, 2005) was run using 25 years of historical meteorologi-
cal data (1948–1973) (see below for specific details) and pre-
industrial estimates of atmospheric carbon dioxide (CO2)
concentration and nitrogen deposition (Ndep), 280 ppm and
0.001 kg/m2, respectively. Following spin-up, we simulated the
1800–2004 period to estimate near-present day model C and N
pool values and initialize all of the harvest simulations in this
study. Much of the MCI’s forest landscape was clear-cut in the
19th century; therefore a historic disturbance data set was
constructed to simulate past land use history between 1800
and 2004 (see Section 2.4 for detailed description). Atmospher-
ic CO2 concentration and atmospheric nitrogen deposition
(Ndep) varied from pre-industrial (1800) estimates up to near-
present day (1998) levels.
2.3. Model input data
The spatial data required for each grid cell to complete the
model simulations are summarized in Table 1 and briefly
discussed below. All data were re-projected and resampled to
a common modeling grid (1 km2 cells) and sub-setted to the
MCI region (Fig. 1). Surface albedo was estimated using the
MODIS MOD 43B product (http://www-modis.bu.edu/brdf/
userguide/albedo.html). Several image tiles from a July
composite image in 2006 were selected which covered the
study area. Daily climate data from the NCEP reanalysis
project (http://www.esrl.noaa.gov/psd/data/gridded/reanaly-
sis/) were used to drive the model. The climate data from
1948–2004 were resampled to a 50 km2 resolution grid (climate
data only) that matched the spatial extent of the common
modeling region following techniques used in previous
modeling studies (Bond-Lamberty et al., 2007b; Bond-Lamb-
erty et al., 2009; Peckham et al., 2012). This resolution captures
the broad climate patterns in the region (Fig. 1), but may not
capture local climactic gradients (i.e. areas within close
proximity to the Great Lakes). An additional challenge is the
available climate data do not cover the entire time period of
interest. Therefore, we elected to focus solely on harvest
effects and remove the effects of inter-annual climate effects
on the disturbance (harvest) response in each grid cell by using
a climate ensembling method (Thornton et al., 2002). Biome-
BGC outputs are an average of 50 individual simulations, each
simulation beginning with a different year in the climate
record. Elevation was determined from the National Elevation
Dataset (http://ned.usgs.gov/), the 30 m data were aggregated
to the modeling grid using the focal mean. Soil depth and
percentages of sand, silt, and clay were obtained from
STATSGO2 (http://soils.usda.gov/survey/geography/statsgo/)
and gridded to match the modeling region. Soil water inflow
and outflow parameters were derived from the drainage
classes (excessive, well, moderate, poor) in STATSGO2,
following Bond-Lamberty et al. (2007b). Atmospheric carbon
dioxide concentrations were obtained from Etheridge et al.,
1998. The Ndep data (1987–1994) were obtained from the Oak
Ridge National Laboratory (http://daac.ornl.gov/CLIMATE/
guides/nitrogen_deposition.html). Forest type and stand age
were determined using raster data created from U.S. Forest
Service forest inventory and analysis (FIA) plot data (Wilson,
2009, ongoing). The 250 m resolution data was aggregated to
the 1 km2 modeling grid using the majority. Due to lack of
explicit history for each location, we assumed in this study,
stand age was approximately the time since last disturbance.
The ecophysiological constants for each forest type were
derived and evaluated in a previous study (Peckham et al.,
2012), and are listed for the simulated FIA forest types in Table
2. Mean values provided by White et al. (2000) for evergreen
needle-leaf and deciduous broad-leaf forest types were used
as appropriate, with the exception of specific leaf area and leaf
C:N (Peckham et al., 2012) (Table 2).
2.4. Disturbance history
The current carbon balance of a forest, or forest region is
strongly influenced by its past disturbance history (Gower,
2003; Amiro et al., 2010; Peckham et al., 2012); however, re-
Table 1 – Summary of spatial data characteristics used in Biome-BGC simulations.
Data description Temporal resolution Native spatial resolution Sensor/collection
Site attribute
Elevation1 – 30 m NED
Forest disturbance2 2004 30 m NAFD VCTw
Forest type3 2004 250 m FIA
Soil–% sand4 – – STATSGO
Soil–% silt4 – – STATSGO
Soil–% clay4 – – STATSGO
Surface albedo5 July (2006) 500 m MODIS
Stand age3 2004 250 m FIA
Soil–drainage4 – – STATSGO
Climate
Maximum temperature6 Daily, 1948–2008 2.58 NCEP reanalysis
Minimum temperature6 Daily, 1948–2008 2.58 NCEP reanalysis
Precipitation6 Daily, 1948–2008 2.58 NCEP reanalysis
Shortwave radiation6 Daily, 1948–2008 2.58 NCEP reanalysis
Relative humidity6 Daily, 1948–2008 2.58 NCEP reanalysis
Superscript denotes the data source. 1 = USGS, 2 = Stueve et al. (2011), (3) = Wilson (2009), 4 = NRCS, 5 = EOS Data Gateway, 6 = NCAR.
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creating a comprehensive pre- and post-settlement distur-
bance spatial data layer for the MCI region is extremely
challenging, and perhaps impossible (Whitney, 1994). The
objective of this study was to examine the effects of different
harvest scenarios on forest C dynamics using near present-
day conditions as a starting point; the objective was not to
simulate historic C dynamics. Therefore, the approach out-
lined below is reasonable to develop initial historic distur-
bance history that can be used to run the model up to near-
present day conditions. We searched the literature for general
observations of forest clearing rates, timing, and intensity for
the MCI region from 1800 to the present. Biome-BGC does not
simulate landcover conversion (i.e. forest to agriculture or vice
versa), so we only simulated the current forested area and
assumed those areas now forested have been so since the
beginning of the simulation. We assumed that prior to 1800 the
forest was intact, primary, only subject to natural distur-
bances, and that NBP was in relative equilibrium with the
atmosphere (i.e. C balance approximately zero). These
assumptions are consistent with historical accounts in the
region (Williams, 1989; Whitney, 1994). Wind and fire distur-
bance are rare (>1000 year return interval) in hardwood
forests, but more frequent (50–200 year return interval) in
conifers (Frelich, 1995). Mortality fractions in Biome-BGC were
set to reflect these disturbances using data available from the
region (Whitney, 1994; Frelich, 1995; Cleland et al., 2004).
Starting with estimates of the current stand age (2004, Fig. 2)
for each cell and working backwards, we created a general
disturbance regime and simulated it over 1800–2004 to
estimate current model C pools for each grid cell. For the
model initialization simulation, we assumed all current
stands originated from a harvest, and each location was
harvested at least once, with the exception of areas within the
Boundary Waters Canoe Area (MN), Porcupine Mountains (MI),
and Sylvania Lakes (MI) Wilderness areas, which are the only
remaining old-growth forests of significant area in this region
(Frelich, 1995). We simulated two types of harvest, clear-cut
and selective (or partial-cut). Clear-cut harvest assumed 100%
removal of trees and vegetation growth was subsequently
restarted. Selective harvests were assumed to remove 25% of
the canopy area and biomass. The proportion of selective
harvest (of the total area harvested annually) was assumed to
increase linearly from 0.0 in 1930 to 0.75 in 2004, reflecting the
increasing use of selective harvest from its adoption in the
early- to mid-1900s (Gronewold et al., 2010) to present day
(Smith et al., 2010). Forest clearing began in southern portions
of the study area around 1800 (Birdsey et al., 2006) and in the
northern portions during the late-1800s in (Steyaert and Knox,
2008). Following the ‘initial cutover’, we assumed forests
regenerated for at least 70 years before any new harvest
occurred, which we randomly assigned spatially to a pixel. The
end result was an initialization spatial data set (modeled C
pools and fluxes) for each forest pixel with a simulated stand
age that exactly matched FIA-derived estimates (resampled to
the modeling grid) around 2004 (mid-point of the FIA analysis
period used to create the FIA stand age raster dataset).
2.5. Management scenarios
The management scenarios simulated in this study were
selected to evaluate the effects of harvest intensity (clearcut
vs. selection), removal of harvest residues, and total annual
harvest area on the C fluxes in the MCI region. Based on
regional statistics, we consider our ‘base’ simulation to
represent current harvest levels. Over the entire study region,
annual harvest area averaged 1.7% per year (2001–2005), and
clear-cut and selective harvests comprised 25 and 75% of total
harvest, respectively (Smith et al., 2010). The amount of
harvest residue left on site (as a percentage of total harvest)
was obtained from a previous modeling study in the region
(Peckham et al., 2012) and set to 25% for the base. We chose six
additional scenarios (Table 3) to simulate over the MCI region
that involved only a single modification to the base scenario.
These scenarios either increased or decreased the harvest
area, percentage of clear-cut harvest type, or amount of
harvest residue left. The scenarios may not be realistic for all
conditions or forest types, but they are only intended to
provide a broad array of biomass removal scenarios to
elucidate regional forest C dynamics.
Table 2 – Summary of forest type groups and values used
for leaf C:N and canopy average specific leaf area (SLA) in
the Biome-BGC ecophysiological parameter set.
Forest type group Leaf C:N SLA (m2 kg1 C)
Pine 36.6 9.3
Spruce/fir 43.4 8.2
Loblolly 42.0 8.2
Eastern softwoods 30.5 6.0
Ponderosa group 42.0 2.2
Exotic softwood 34.1 6.8
Oak 24.8 28.8
Oak/gum/cypress 25.0 32.0
Elm/Ash 22.3 36.6
Maple 25.3 41.3
Aspen 25.7 24.2
Exotic hardwood 24.0 32.0
Fig. 2 – Estimated stand age for the MCI region (2004), at
simulation start.
Source: Data shown are estimates provided by Wilson,
2009 resampled to a 1-km2 spatial resolution, and were
used to help determine harvest locations in each
management scenario.
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2.6. Determination of harvested area
The annual harvest rates used for the scenarios described
above were computed for sub-regions (Fig. 1) of the study area
because the MCI region spans multiple forest ownership types
(i.e. federal, state, county, private non-industrial, etc.) and
covers a large and diverse geographical area. Current levels of
forest harvest were determined for the selected regions using
two primary data sources: (1) improved vegetation change
tracker (VCTw), a forest disturbance dataset derived from long
time-series of Landsat data (Stueve et al., 2011), and (2)
regional statistics published by the U.S. Forest Service (Smith
et al., 2010). First, the rate (an estimate for return-interval) of
stand-replacing disturbance (although imperfect, assumed
here a result of clear-cut harvesting practices) was calculated
from the VCTw data for the major forest regions in the study
area (see Fig. 1 for VCTw data and region deliniation). These
four regions contain over 50% of the forests in the study area
and were chosen based on data availability, state boundaries,
and major shifts in forest ecosystem type (i.e. Northern and
Southern Wisconsin, regions 3 and 4). The area of selective
harvest for each region was then computed using the estimate
from the VCTw data and the ratio of selective to clear-cut
harvests in the greater study area (Smith et al., 2010). Table 4
summarizes the region-specific harvest rates used to imple-
ment the management scenarios. We assumed infrequent
disturbance such as wind, fire, tornado, and insects were
captured in the annual fire and mortality fractions in the
Biome-BGC parameter set.
Although harvest locations were chosen randomly, FIA
raster data describing current stand age (described above)
were used to constrain future harvest locations (i.e. only
harvesting a stand once after it was >60 years of age).
Although likely not applicable for all forest types, this
constraint was chosen as the annual harvest rate of 1.7% is
equivalent to approximately a 60-year harvest return interval.
A more species- and region-specific set of constraints would
improve model estimates. Our random selection of harvest
location does not account for logistical, spatial, or economic
considerations that likely determine this process, but could be
incorporated into future analyses when data become avail-
able.
2.7. Model outputs and interpretation of results
Biome-BGC outputs of vegetation C, NPP, NEP, and NBP were
reported annually for the seven management scenarios.
Harvest scenario simulations were compared to the base (B)
simulation. Annual rates of change, or departure from the
base were reported in g C m2 yr1 or as a percentage change
from initial conditions. Although we parameterized the model
to simulate the FIA forest types described above, the results
were summarized by deciduous broad-leaf (hardwoods) and
evergreen needle-leaf (conifer) forests.
No formal statistics were performed on the model results
because the sample size is so large (n = 206,000 cells) that all
treatment effects were significant (i.e. standard errors were
less than 0.5 g C m2 yr1). Therefore, we elected to express
results relative to the base scenario.
3. Results
3.1. Model initialization
Simulated stand age (time since last simulated harvest) at
each modeled location in the MCI region matched FIA-derived
stand age estimates for 2004. Stand age in the region averaged
48 years in 2004. At the end of the initialization run (2004) of
the 206,000 individual 1-km2 cells, stem C averaged
15 kg C m2 (Fig. 3a), NPP averaged 0.90 kg C m2 yr1
(Fig. 3b), and NEP averaged 0.25 kg C m2 yr1 (Fig. 3c) over
the MCI region.
3.2. Harvest
The seven management scenarios removed from 0.05 to
0.16 kg C m2 yr1, or 11 to 38 106 t C yr1 for the MCI region. In
general, annual harvest removal was steady or increased over
the simulation period (Fig. 4a), as average C content increased
(see below). The observed decline in the AH scenario resulted
from harvesting the older stands with higher C content in
roughly 20 years, at which time the harvest of younger stands
Table 3 – Details of the management scenarios.
Scenario Harvest (as a fraction
current rate)
Clear-cut
(% of total)
Selective-cut
(% of total)
Residue retention
(% of harvest biomass)
Base (B) 1.0 25 75 25
Base + low retention (BRL) 1.0 25 75 15
Base + high retention (BRH) 1.0 25 75 35
Selective high (SH) 1.0 0 100 25
Clear-cut high (CH) 1.0 50 50 25
Area high (AH) 2.0 25 75 25
Area low (AL) 0.5 25 75 25
Table 4 – Region-specific harvest rates (circa 2004) used
to develop the management scenarios. Units are in
percent of forested area per year.
Region Clear-cut Selective Total
1 0.41 1.23 1.64
2 0.22 0.66 0.88
3 0.45 1.36 1.81
4 0.39 1.17 1.56
Portions outside of 1–4 0.43 1.27 1.70
Source: See Fig. 1 for region delineations and Section 2 for a detailed
description how these values were estimated.
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(<60 yr) with lower biomass was required to meet the
prescribed area harvest target. Both the AL and SH scenarios
maintained relatively constant harvest throughout the simu-
lation (Fig. 4a). The AH and AL scenarios yielded the greatest
and lowest total harvest output, respectively, (Fig. 4b). Fig. 4a
showed slight temporal trends in harvest under the B, BRH,
Fig. 3 – Model results of aboveground vegetation C (a), NPP
(b), and NBP (c) in for the MCI region in 2004.
Fig. 4 – Model results of harvested C for the seven
management scenarios, annual harvest where each
denoted by a different line type (a) and the total harvest
over the 50 years (b).
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BRL, and CH scenarios. We speculate the observed trends are
due to the constraints we used in selecting harvest sites. Had
every grid cell been available at random, regardless of when it
was last harvested, the harvest amounts would likely be
nearly constant.
3.3. Stand structure
Time since last harvest (a proxy for stand age) changed
dramatically (from initial condition) in all scenarios over the
50-year simulation (Fig. 5). The base or business as usual
conditions, the BRH, and BRL scenarios increased the number
of young (<50 years) and decreased the number of middle-
aged and mature stands (>100 years), although all there were
nearly identical at simulation end. The SH and CH scenarios
increased the number of young stands by as much as 200% and
decreased the number of mature stands. The AH scenario
doubled the number of younger stands compared to the other
scenarios, and decreased the number of stands >50 years old.
The AL scenario changed stand structure the least compared
to the base scenario.
3.4. Vegetation carbon
Total (above + belowground) vegC content increased and
decreased for the MCI region, depending upon harvest
scenario; however, the harvest scenario had a similar effect
on vegC, regardless of forest type (Figs. 6a– 8a). For hardwood
forests, the SH and AL scenarios increased vegC by 25 and 29%,
respectively, while the CH and AH scenarios decreased vegC
by 8 and 9%, respectively, during the 50 years (Fig. 7a). In
conifer forests, the SH and AL scenarios increased vegC by 37
and 42%, respectively, while the CH and AH scenarios
decreased vegC by 12 and 13%, respectively (Fig. 8a).
3.5. Net primary production
In general, all harvest scenarios decreased NPP for the MCI
region (Fig. 6b) over the simulation period. The AH and CH
scenarios had the lowest mean NPP, 0.79 kg C m2 yr1, while
the AL and SH had the highest mean NPP of 0.83 kg C m2 yr1.
NPP for the B scenario averaged 0.81 kg C m2 yr1. On
average, the harvest scenarios changed NPP by <3% for the
50-year simulation period, but the more intensive harvest
scenarios (AH and CH) decreased NPP while less intensive
harvest scenarios (SH and AL) increased NPP when compared
to the base (B) scenario. The BRH, or the treatment with high
residue retention, decreased NPP by 13%, or 133 106 t C, over
the entire 50-year period. NPP trends for hardwood forests
mirrored the overall pattern for the MCI region because
hardwoods are the dominant forest cover type (Fig. 7b). NPP
varied the greatest for the AH scenario where NPP decreased
by as much as 14%, in the early years but recovered to within
9% of the initial NPP. We speculate that this pattern is due to
the large number of stands (compared to pre-2004) harvested
in the early years of the simulation period reaching maximum
NPP. Depending on the harvest scenario, NPP increased and
decreased for conifer forests (Fig. 8b). Relative to the base
Fig. 5 – Change in simulated stand age structure (time since disturbance) between simulation start and end for the seven
management scenarios. Each vertical bar represents the area change in a 10-year age class.
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scenario, the SH and AL scenarios increased NPP by 3 and 4%,
respectively, while the CH scenario decreased mean NPP
by 4%.
3.6. Net biome production
NBP, or the sum of NEP for all forests, for the MCI region
declined over the simulation period for all scenarios (Fig. 6c).
During the first 25 years, NBP decreased the greatest for the AH
(57%) and CH (49%) scenarios, but remained constant or
increased in the final 25 years. Conversely, NBP was greatest
for the SH and AL scenarios during the first 25 years. The BRL
scenario had the greatest NBP of all the residue removal
scenarios. NBP patterns for hardwood forests resembled the
overall MCI region because hardwood forests comprised about
80% of the simulated forested area (Fig. 7c). NBP decreased by
58% and 50% during the first 25 years for the AH and CH
scenarios, respectively; however, the NBP for the AH scenario
recovered to within 35% of its initial value by year 50. NBP
varied less, and was consistently lower for conifers than
hardwoods (Fig. 8c). AH and CH decreased by 58 and 50% in the
first 25 years, respectively, but increased to within 40 and 54%
of their starting value by 50 years, following the trend in NPP
described above. The SH and AL scenarios had nearly constant
NBP for the first 15 years, and slowly declined thereafter.
3.7. Soil and litter carbon
Soil and litter carbon (including woody debris) generally
increased slightly for all harvest scenarios in the MCI region
(Fig. 6d). Increasing residue removal decreased soil and litter C
accumulation (BRH vs. BRL) by 1%. Soil and litter accumulation
rates ranged from 0.002 kg C m2 yr1, to 0.012 kg C m2 yr1
for the AH and BRH scenarios, respectively.
4. Discussion
The renewed interest in woody biomass bioenergy (Perlack
et al., 2005) has prompted forest managers, policy makers, and
ecologists to elucidate the trade-offs of using forests for
carbon storage, carbon sequestration, biodiversity, and feed-
stock for bioenergy. The purpose of this study was to explore
the effects of different harvest scenarios on regional forest C
dynamics. Most regional to national forest modeling studies
do not account for the direct effects of harvest (i.e. resetting
succession and its implication on forest carbon budgets) or the
indirect effects of harvest (i.e. nutrient removal and its
feedbacks of forest productivity). In other words, the forest
landscape is treated as a static entity. Yet, all the major
processes that define net C exchange between the forest and
Fig. 7 – Model results of vegetation C (a), net primary
production (b), and net biome production (c) for hardwood
forests of the MCI region. Results of the different
management scenarios are denoted with differing line
type.
Fig. 6 – Model results of vegetation C (a), net primary
production (b), and net biome production (c) for the forests
of the MCI region. Results of the different management
scenarios are denoted with differing line type.
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atmosphere are stand age and disturbance dependent (Gower,
2003). That said, there are numerous complexities that need
improvement to refine regional to global forest C budget
estimates and develop comprehensive sustainable forest
management plans. We believe this is the first ever attempt
to elucidate some of the trade-offs of different forest harvest
scenarios on key ecosystem services of carbon storage and
carbon sequestration at this scale.
This study utilized numerous spatial data sets to parame-
terize and initialize Biome-BGC. Two important attributes of
the spatial data layers were disturbance history and current
stand age. Forest NBP is strongly dependent on stand age
structure (Alexandrov et al., 1999; Euskirchen et al., 2002;
Bond-Lamberty et al., 2006; Amiro et al., 2010), and hence our
estimates rely on both the accuracy of the model processes
and the input data. We utilized the most comprehensive data
available for stand age structure at a multi-state scale and
utilized the recently released Landsat satellite record to help
derive the harvest rates in the seven management scenarios.
As knowledge and analysis of the extent, timing, and intensity
of forest disturbance increases, further improvements can be
made to ecosystem C flux estimates using process-based
models.
4.1. Implications of increased harvest residue removal
Varying the harvest residue left on site had significant effects
on simulated NPP and NBP (Figs. 6–9). The scenarios where
harvest residues were varied resulted in a wide range of total
NBP, but had relatively little impact on aboveground C content
(Fig. 9) in the 50-year period. Both residue quantity and quality
influence soil carbon and nitrogen dynamics, and nitrogen
availability influences NPP (Landsberg and Gower, 1997;
Peckham and Gower, 2011). Relative to the base (B) scenario,
the BRH scenario decreased NPP and NBP for both hardwood
and conifer forest types, while BRL increased NPP and NBP for
both forest types for the relatively short 50-year simulation
period. We speculate the results are explained by the effects of
coarse woody debris on decomposition and nitrogen mineral-
ization. Biome-BGC logic allows for plants and microbes to
compete for available N, so lower retention of coarse woody
harvest residue reduces the input of detritus with high C:N
ratio. As a result, more N is available for plant growth (i.e.
higher NPP). However, it is important to note that this trend is
short-lived or transient, because multiple-harvests of high
intensity reduce available N and soil C accumulation, and lead
to decreased NPP. Peckham and Gower (2011), using Biome-
BGC, reported that low coarse woody harvest residue retention
initially increased NPP and NBP, but this pattern reversed after
multiple harvest rotations decreased available nitrogen.
Harvest residue retention affected NBP more than vegC or
NPP (Figs. 6–9). The greater removal of C and its impact on the
forest C cycle warrants further study because of the great
interest in harvest residue as a biofuel feedstock, but more
importantly, the often unaccounted for effects of soil carbon
disturbance on radiative forcing. Management activities that
decrease soil C and increase atmospheric CO2 should be
avoided because of the transfer of a ‘‘quasi-permanent’’
carbon pool (i.e. soil) to the atmosphere, and its long-term
radiation forcing attributes. We note that this process is not
captured in empirical forest growth models that do not
simulate forest soil C dynamics.
4.2. Forest response to changing harvest area and type
Our simulations suggest that changes in the annual harvest
area or harvest type (clear-cut vs. selective) dramatically affect
regional C dynamics of the MCI region. In both hardwood and
conifer forest types, doubling the area harvested (Table 4) or
the proportion of clear-cut:selective harvest decreased both
vegC and total NBP during the 50-year period (Figs. 9 and 10).
Conversely, a 50% decrease in area harvested or proportion of
clear-cut:selective harvest increased vegC and NBP (Figs. 9 and
10). These results are opposite of the pattern of increased
harvest yielding increased NBP of the Chequamegon–Nicolet
National Forest (CNNF), a sub-region of this study (Peckham
et al., 2012). We speculate the opposite results can be
explained by the difference in harvest area, average stand
age, and the simulation length. Also, Peckham et al. (2012)
used an optimization method to derive a harvest scenario that
maximized NBP, but we did not use the optimization analysis
in this study. Collectively, the two studies illustrate the
influence of past and present harvest conditions on future
regional C dynamics, the complexities of stand history that
must be considered to maximize carbon sequestration, and
the opportunities to increase C sequestration of natural
forests. We conclude the contrasting results of the two regions
highlights the great need for more detailed analyses like this
Fig. 8 – Model results of vegetation C (a), net primary
production (b), and net biome production (c) for conifer
forests of the MCI region. Results of the different
management scenarios are denoted with differing line type.
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study for other forest regions to better refine carbon manage-
ment plans. Similar analyses are needed for other forest
regions because (1) the forest stand structure differs among
forest regions and (2) although NPP and NEP appear to follow a
similar pattern for all forests, the rate of recovery and point of
maximum NPP and NEP differ among forests (Gower et al.,
1996; Ryan et al., 1997; Gower, 2003).
Changing harvest area and type also had significant effects
on simulated stand structure. While both the AL and SH
scenarios were very similar in NBP, NPP, vegC, and harvested
C, their resulting stand structure were different (Fig. 5), and the
SH scenario had a much higher proportion of recently
harvested stands. We acknowledge the possibility that forest
type (and hence structure) could change due to management
practices in the 50-year period considered in this study,
however Biome-BGC does not simulate conversion from one
forest type to another. Carbon sequestration change due to a
major change in species composition (i.e. one FIA forest type to
another) is not captured in this study. One assumption in this
study is that the forest type at each location remains constant.
Stand structure affects the diversity of numerous fauna
groups, including insects (Summerville and Crist, 2002;
Summerville, 2011), birds (DeGraaf et al., 1998, Robinson
and Robinson, 1999), and small and large mammals (Verschuyl
et al., 2011). This suggests that the dominant harvest type
could have significant effects on biodiversity in the MCI region.
Managing the MCI region for wood and paper products, carbon
storage, and biodiversity are all critical components to
sustainable forest management; optimizing one ecosystem
good or service will likely have adverse effects on the others.
4.3. Comparison to other studies
Both our initialization and base simulations are consistent
with other modeling studies. Lu and Zhuang (2010) used the
Terrestrial Ecosystem Model in the Midwest U.S. (over a
slightly larger area than the MCI covers) and reported Midwest
forests were a C sink during 1948–2005, as was observed in the
Fig. 9 – Change in vegetation carbon vs. total NBP over the
50-year simulation. Square symbols denote hardwood
forest types, round symbols denote conifers. Each point is
labeled with its management scenario.
Fig. 10 – Three-dimensional scatterplot of carbon storage, carbon sequestration, and harvest for the seven management
scenarios. Values on the x, y, and z axes are annual averages.
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model initialization simulation in this study. Furthermore, Lu
and Zhuang (2010) reported NPP increased by 2% yr1 from
1948 to 2008 and we reported NPP increased by 0.3% yr1 from
1948 to 2004 (data from initialization not shown). Our average
NPP estimate was slightly higher, 850 vs. 700 g C m2 yr1. We
speculate that the discrepancy between the estimates of
annual NPP increase and absolute NPP estimates between this
study and Lu and Zhuang (2010) is attributed to the omission of
age structure dynamics, and its effects on NPP (Gower et al.,
1996; Ryan et al., 1997) and harvesting practices (Peckham and
Gower, 2011) in the latter study. Potter et al. (2007) modeled
NEP over the MCI region using remote sensing methods, and
reported NEP varied between a source and a sink between 2001
and 2004, but they included agricultural as well as forest areas,
therefore it is difficult to compare to results reported here.
The observed decline in NBP for both hardwood and
conifers (Figs. 7c and 8c) is likely due to the increase in forest
age, and its well-documented age-related NPP decline (Gower
et al., 1996; Ryan et al., 1997). In most scenarios simulated here,
75% or more of the harvests removed only 25% of the biomass,
therefore a larger percentage of forest reach maturity although
harvest frequency is relatively high in the region. This general
trend is consistent with Birdsey et al. (2006), who reported a
decrease in future C sequestration over U.S. forests based on
inventory data. They suggest that management practices
could be implemented as a way to increase net C uptake by the
U.S. forest sector. The simulations in this study for the MCI
region support their findings. Based on our study (Fig. 10), it is
important to note again that C management for storage versus
sequestration may be at odds for some forests (Peckham et al.,
2012).
4.4. Implications of initialization process on observed C
fluxes
As mentioned previously, Biome-BGC does not currently
simulate landcover change or conversion, and land use
change was an important process in the 1800s in the MCI
region, especially in southern portions (Williams, 1989;
Whitney, 1994). We simulated the disturbance history of only
the present forested area in the MCI region to estimate current
C states and fluxes and to initialize the management
scenarios. Detailed estimates of past C fluxes due to harvest
and landcover change in the U.S. have been published
previously (Houghton and Hackler, 2000; Birdsey et al., 2006)
and despite the different methodologies used, Houghton and
Hackler (2000), Birdsey et al. (2006), and this study (i.e. data
from 1800–2004 simulation) all concluded that the forest C flux
in the region changed from a source to a sink around the
middle of the 20th century. This suggests that our simulated
disturbance history agrees temporally with previous works
(Houghton and Hackler, 2000; Birdsey et al., 2006; Lu and
Zhuang, 2010), as well as patterns outlined in historical
accounts (Williams, 1989; Whitney, 1994; Frelich, 1995;
Steyaert and Knox, 2008).
In general, NPP declined for all management scenarios
(Figs. 6b–8b) over the 50-year period, following the trend in
NBP. In most scenarios, C storage increased slightly as NPP
exceeded harvest. The initialization procedure used here
was designed produce an unbiased estimate of C and N
states in 2004. We followed the general method outlined in
previous modeling studies (Thornton et al., 2002; Hanson
et al., 2004). Because disturbance data is not available for the
entire study area post-1800, it is possible that the observed
decline in NPP is due to an insufficient simulated disturbance
in the 1800–2004 (logging, fire, clearing, etc.) period resulting
in the majority of stands in states past peak (and hence
declining) NPP. However, the general decline in NPP and C
storage agrees with projections for the U.S. forests in Birdsey
et al. (2006).
4.5. Implications for C management: C storage versus C
sequestration
The results from this study suggest that a reduction in harvest
area and fraction of total harvest comprised of clear-cuts
increased vegC and NBP (Fig. 10). Increasing the harvest area
or clear-cut percentage by a factor of two would provide
nearly three times the harvest compared to a reduction in
these strategies, but would decrease total NBP by 30% (Fig. 10).
Model simulations suggest increasing the amount of residue
removed during harvest could provide additional biomass
and also increase NBP in the MCI region (Figs. 9 and 10), while
avoiding a decrease in aboveground C stocks. However, these
results are specific to the MCI region as a whole, and may not
be applicable to sub-regions or forest stands with different
age structure and disturbance history. In a previous modeling
study conducted for the Chequamegon–Nicolet National
Forest, Peckham et al. (2012) reported that a slight increase
in harvest area would maximize C sequestration over a 100-
year period. We believe the most unique, and important
findings of this study are we clearly illustrate (1) both past and
future harvest activities have a profound influence on
regional forest C dynamics, and (2) maximizing C storage
and C sequestration are not mutually exclusive. There
appears not to be one solution to managing for C, either
through sequestration, storage, or both. Each region (or
spatial scale) is likely to have a unique set of conditions that
should be considered. Continuing to develop data describing
the timing, extent, and intensity of forest harvest, or any
disturbance, will improve estimates of carbon uptake in
Midwest forests.
5. Conclusions
Although less than 2% of the forests in the Upper Midwest
region are harvested each year, these activities (e.g. harvest
rate, harvest type, and the amount of residue retained)
influence the regional forest C budget. Specifically, increasing
the amount of clear-cut harvest or the area harvested reduced
both NBP and vegC, especially in hardwood forest types.
Varying the amount of harvest residue retention had a more
profound effect on NBP than on vegetation C. Removing
additional residue resulted in greater NBP over the 50-year
period compared to the base simulation. Based on the results
from this study, we strongly recommend that all future
regional to national forest C modeling analyses account for
past harvest history and incorporate probable harvest scenar-
ios into their analyses.
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